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Abstract. We present a theoretical study on polarization-averaged molecular-frame
photoelectron angular distributions (PA-MFPADs) emitted from 1s orbital of oxygen atom of
dissociating dicationic carbon monoxide CO2+. Due to the polarization-average, contribution
of direct wave of photoelectron which has the biggest contribution to MFPADs is removed,
so that PA-MFPADs clearly show the detail of scattering image of the photoelectron. As a
result, it is necessary to employ well precise theory for the continuum state for the theoretical
analysis. In this study, we applied our Full-potential multiple scattering theory, where the
space is partitioned by using Voronoi polyhedra and truncated spheres to take into account
the electron charge density outside the physical atomic spheres. We did not use spherical
harmonic expansion of the cell shape functions to avoid convergence problems. The potentials
in scattering cells are prepared employing Multiconfigurational Second-Order Perturbation
Theory Restricted Active Space (RASPT2) method in order to take into account the influence
of core hole in the electron charge density in the final state to realize realistic relaxation. We
showed that the Full-potential treatment plays an important role for the PA-MFPADs at 100 eV
of kinetic energy of photoelectron. Instead, the PA-MFPADs are not sensitive to type of major
excited state in the Auger final state. We also studied the dynamics of CO2+ dissociation. We
found that the PA-MFPADs dramatically change its shape as a function of C-O bond length.
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1. Introduction
Core-level photoelectron diffraction (PED) is a well-
known technique as a probe of surface structure [1]. To
apply the PED to gas-phase molecules, the molecule must
be fixed in space. Experimentally, it was realized by
angle-resolved coincidence measurements between core-
level photoelectrons and fragment ions [2]. With the ad-
vent of position sensitive detectors [3] and COLTRIMS-
Reaction Microscope [4], measuring momentum correla-
tions between core-level photoelectrons and fragment ions
and extracting photoelectron angular distributions in the
molecular frame became a standard approach to study
molecular photoionization, see, e.g. the first paper on MF-
PADs measured by this technique [5].
From the theoretical point of view, it was rather
straightforward to calculate the MFPADs employing the
codes available for molecular photoionization studies.
For theoretical tools for molecular photoionization study
in general, see, e.g., [6, 7]. One of the widely
used approach to calculate MFPADs is to calculate
relaxed-core Hartree-Fock (HF) continuum orbitals in
the final-state wavefunction [8, 9]. The continuum
orbitals may be obtained by the iterative procedure
to solve the Lippmann-Schwinger equation associated
with the one electron Schro¨dinger equation with a
potential produced by the transition-state orbital [10, 11].
To take account of electron correlations Semenov et
al. [12, 13] employed random-phase approximations,
while Luchesse and collaborators employed multichannel
Schwinger configuration interaction (MCSCI) methods [14,
15]. Density Functional Theory (DFT) and time-dependent
DFT (TDDFT) [16] have also been employed to simulate
MFPADs [17, 18].
At higher photoelectron energies, say, ∼ 100 eV
and above, multiple scattering method with Muffin-tin
approximation, which is a standard tool for PED of the
solid surface [19], has been employed also for calculations
of MFPADs of the gas phase molecules [20]. The
multiple scattering method with Muffin-tin approximation
is a powerful tool because of good convergence of local
numerical basis expanded in terms of angular momentum
with multi-center expansion. Therefore, this method allows
us to treat relatively large polyatomic molecules. We
found, however, that especially for the forward scattering
directions in MFPADs, it gives a non-negligible error.
This is because the Muffin-tin approximation neglects the
covalency and weak potential out of the sphere which
contributes to the small-angle scattering. In the present
study, in order to improve the multiple scattering method
beyond the Muffin-tin approximation, we introduce a
recently-developed Full-potential approach, which can fill
up the space by using Voronoi polyhedra and truncated
spherical cells to take into account the electron charge
density outside the physical atomic cells of the target
molecule. The cell shape function is not expanded in
spherical harmonics to avoid convergence problem. This
has been applied to X-ray Absorption Near Edge Structure
(XANES), and there have been big improvements in low
dimensional systems which have strong anisotropy [21, 22,
23]. The improvements from Muffin-tin calculations were
observed especially in low energy region (about 50 eV from
the edge). In higher energy region, & 100 eV, there was no
difference observed between Muffin-tin and Full-potential
calculations for XANES.
It should be noted that MFPADs depend on both
the molecular axis and the direction of polarization of
the ionizing radiation. Recently, it was noticed that
the molecular structural information is captured in the
polarization-averaged MFPADs, or PA-MFPADs. Due to
the polarization-average, contribution of direct wave of
photoelectron which is the biggest contribution to MFPADs
is removed, so that PA-MFPADs clearly shows the all
scattering image of the photoelectron. Williams et al. [24]
was the first to demonstrate that PA-MFPADs capture the
directions of the bonds in polyatomic molecules (CH4).
Stimulated by this experimental work, Ple´siat et al. [17]
calculated PA-MFPADs for many different molecules in a
wide range of photoelectron energies using DFT. Fukuzawa
et al. [25], on the other hand, demonstrated that one can
extract the bond length of the symmetric linear molecule
(CO2) from PA-MFPADs.
The advent of XFEL [26] stimulated a renewal of
interest in MFPADs study since time-resolved MFPADs
or PA-MFPADs using XFEL pulses as ionizing pulses
may open a new pathway to make molecular movies.
Krasniqi et al. [27] theoretically demonstrated that the
light-induced structural change of polyatomic molecules
can be extracted via MFPADs with the electron kinetic
energy of 1 keV, using the Plane Wave approximation.
Kazama et al. [20], on the other hand, employed the
multiple scatteringmethodwithinMuffin-tin approximation
and demonstrated that it is possible to extract the molecular
structure from experimental MFPADs recorded at electron
kinetic energies at about 100 eV, proposing time-resolved
MFPADs measurements with FEL. Very recently, on
the soft X-ray beam line of the European XFEL [28],
the first high-repetition-rate XFEL, Kastirke et al. [29]
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have just demonstrated the first successful PA-MFPADs
measurements at electron kinetic energies of ∼ 100 eV
using diatomic molecules O2 as a sample, demonstrating
the feasibility of making a molecular movie with a
combination of COLTRISM-Reaction Microscope and a
high repetition rate XFEL.
In the present work, we consider the process that the
first XFEL pulse produces CO2+ via Auger decay that
follows core ionization of CO and then the second XFEL
pulse kicks out the oxygen 1s electron in CO2+. We
first derive the expressions of PA-MFPADs for this second
core-level photoemission within Full-potential multiple-
scattering theory in Sections 2 and 3. Section 4 contains
the results and their discussion. We first demonstrate that
PA-MFPADs are not sensitive to the electronic structures
that may differ depending on the Auger final states. Then,
employing a particular electronic configuration of the
dicationic state, we demonstrate how PA-MFPADs evolve
as a function of the internuclear distance. Finally, we
compare the present results with those obtained within
commonly used Muffin-tin approximation and elucidate the
importance to describe the scattering potentials properly.
2. Theory
2.1. Full-potential Multiple-Scattering Theory
We start from the identity obtained from the Green’s
theorem for the free Green’s function G+0 (r − r′) and the
solution of Schro¨dinger equation ψ+(r; k) for out-going
wave boundary condition at the surface of the cluster [22]∫
S o
[
G+0 (r
′
o − ro; κ)∇ψ+o (ro; k)
− ψ+o (ro; k)∇G+0 (r′o − ro; κ)
]
· nˆo dσo
=
∑
j
∫
S j
[
G+0 (r
′
j − r j; κ)∇ψ+j (r j; k)
− ψ+j (r j; k)∇G+0 (r′j − r j; κ)
]
· nˆ j dσ j (1)
where
∫
nˆo dσo and
∫
nˆ j dσ j are integrals on the surface
of the cluster and the cell j, respectively. Schematic view
of the separation of the solution ψ+(r; k) in the space is
shown in Fig. 1. In the formal multiple scattering theory,
k =
√
E is a momentum of photoelectron, E is a energy
of photoelectron measured from the vacuum level, κ ≡√
k2 − V0 and V0 is a constant potential in the interstitial
region. In this paper, we proceed under the condition
κ = k =
√
E − V0 without the outer sphere. For κ = k, the
wavefunction ψ+ (r; k) satisfies the Lippmann-Schwinger
equation
ψ+(r; k) = φ0(r; k) +
∫
dr′ G+0 (r − r′; k)V(r′)ψ+(r′; k) (2)
with free solution φ0(r; k) and potential V (r). We assume
that the wavefunctions ψ+o (ro; k) and ψ
+
j
(r j; k) defined
Figure 1. The wavefunction ψ+
j
(r j) defined in the cell j inside cluster,
the wavefunction ψ+o (ro) for outer region of cluster, where we omit k.
outside and inside of the cluster respectively, can be
expanded in local solutions ΦL(ro; k) and ΦL(r j; k) as
ψ+j (r j; k) =
∑
L
A
j
L
(k)ΦL(r j; k) (3)
ψ+o (ro; k) =
∑
L
A˜ oL (k) JL(ro; k) +
∑
L
A oL (k)ΦL(ro; k) (4)
where A˜ o
L
(k) ≡ i l YL(kˆ)
√
k/π. We employ the notation
L = (l,m) as a set of angular azimuthal quantum number l
and magnetic quantum number m. YL is the real spherical
harmonics defined as a linear combination of the complex
spherical harmonics YL [30, 31] as
YL(kˆ) =
∑
m′
Clmm′Ylm′ (kˆ) (5)
where Cmm′ for m > 0 are
Clmm = (−1)m/
√
2, Clm−m = 1/
√
2
Cl−mm = −i(−1)m/
√
2, Cl−m−m = i/
√
2,
and Cl00 = 1, otherwise C
l
mm′ = 0. The functions JL(r; k)
and H˜+
L
(r; k) are defined as JL(r; k) ≡ jl (kr)YL(rˆ) and
H˜+
L
(r; k) ≡ −ik hl (kr)YL(rˆ) with spherical Bessel function
jl and spherical Hankel function of the first kind hl of order
l. The expansion of the local solution in real spherical
harmonics is given as
ΦL(r j; k) =
∑
L′
R
j
L′L(r j; k)YL′ (rˆ j). (6)
To obtain this radial solution R j
L′L, we employed 3d
Numerov method [22] solving the three dimensional local
Schro¨dinger equation without expanding the truncated
potential in spherical harmonics to avoid bad convergence,
which is called Gibbs [32].
The matrix element of the free Green’s function in
Eq. 1 expanded in real spherical harmonics on each site is
called real-space KKR structure factor and given as [33]
G
i j
LL′ ≡ 4π
∑
L′′
i l−l
′+l′′C(L, L′; L′′) H˜+L′′ (Ri j; k), (7)
where C(L, L′; L′′) ≡
∫
drˆYL(rˆ)YL′ (rˆ)YL”(rˆ) is Gaunt
coefficient of real spherical harmonics.
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On the basis of the Green’s theorem, the sum of the
surface integrals on the truncated cells of the cluster in Eq. 1
is equal to the surface integral on its bounding sphere. (the
equality is valid also if V0 , 0 as shown in Ref. [22].)
Thus Eq. 1 can be transformed with using matrices S and
E (asymptotically behave as sine and exponential function,
respectively) [34] which are represented using Wronskian
W on the bounding sphere surface of scattering site i with
radius Ri
b
(See Fig. 1) as
S iL′L ≡ (Rib)2W
[
jl′ (kri) ,R iL′L(ri; k)
]
ri=R
i
b
, (8)
E iL′L ≡ (Rib)2W
[
−ikhl′ (kri) ,R iL′L(ri; k)
]
ri=R
i
b
. (9)
Here, we introduce the transition operator (or scattering T
matrix) defined as
T i ≡ −S i (E i)−1 (10)
and coefficient Bi
L
related to the coefficient Ai
L
as
BiL(k) ≡
∑
L′
S iLL′ A
i
L′ (k). (11)
Inserting Eqs. 3 and 7 in the equality Eq. 1 and using
Eqs. 10 and 11, we obtain the following expression for the
wavefunction,
ψ+i (ri; k) =
∑
L
B iL(k)Φ¯L(ri) (12)
where
B iL(k) =
∑
jL′
τ
i j
LL′ I
j
L′ (k), (13)
Φ¯L(ri) =
∑
L′
( tS )−1LL′ΦL′ (ri), (14)
τ ≡
(
T−1 − G
)−1
, (15)
I iL(k) ≡ i l
√
k
π
eik·RioYL(kˆ), (16)
and tS means the transpose of the matrix S . The amplitude
B i
L
(k) is determined to let the wavefunctions and its first
derivative on the surface at each cell smoothly connected
by multiple scattering scheme. The multiple scattering
matrix τ (or scattering path operator) is constructed by
the transition operator and free Green’s function defined in
Eq. 7.
2.2. Expression of photoelectron diffraction cross-section
In this subsection, we study the photoelectron
diffraction cross-section based on Fermi’s golden rule.
We assume that the wavefunctions of the core electron,
photoelectron, and valence electrons do not mix-up and
they can be treated independently, that is to say, the
photoelectron is painted as blue-electron as proposed by
Hedin [35]. Then, the wavefunction of the initial state |ΨNi 〉
and final state |ΨNf 〉 both of which have in total N electrons
can be approximately written as
|ΨNi 〉 ∼ |φc〉 ⊗ |ΨN−1i 〉 ,
|ΨNf 〉 ∼
∑
α
|ψ−αk〉 ⊗ |Ψ˜N−1αf 〉 ,
where φc is the initial core state, ΨN−1i is the rest of the
system in the initial state with (N − 1) electrons, while
for the final state ψ−
αk
is the emitted photoelectron in
continuum state with the momentum k and the incoming
wave condition as denoted by superscript ”-” and Ψ˜N−1
αf is
the rest of the system with core hole. α is the index for the
states, α = 0 is for the ground state and α > 0 is for the
excited states [33, 36].
In this paper, we consider only elastic process of the
lowest energy scattering channel with ignoring the extrinsic
loss (α = 0) and the amplitude, namely overlap integral
of the ”passive” electrons |S 0|2 ∼ 1 [37]. In the following
discussion, we denote 〈r|ψ−0k〉 as ψ−(r; k) and the core state
〈r|φc〉 with azimuthal quantum number lc and magnetic
quantum number mc as φ cLc (r) with the notation Lc =
(lc,mc).
Under the conditions mentioned above and with the
electric dipole approximation, the general expression of
photoelectron diffraction cross-section along direction kˆ
from the emitter atom on site i is given as
I(k, ǫˆ) = 8π2α~ω
∑
mc
∣∣∣ 〈Θψ+(ri; k)| εˆ · ri | φ cLc (ri)〉
∣∣∣2 , (17)
where α is the fine structure constant, ~ω is the photon
energy, εˆ is the polarisation vector of photon, Θ is the
time reversal operator and the superscript ”+” means
that we use outgoing wave boundary condition. We
followed the manner by Bethe [38] to use the time reversal
boundary condition to the photoemission process that we
start from the plane wave condition at the detector of
the photoelectron. We neglected spin polarisation for the
photoemission process, so that we multiplied by two in the
formula above.
By using the multiple scattering expression for
photoelectron wavefunction ψ+(ri; k) in Eq. 12, we obtain
the following formula for MFPADs
I(k, εˆ) = 8π2α~ω
∑
mc
∣∣∣∣∣∣∣
∑
L
B i∗L (k) MLcL(εˆ)
∣∣∣∣∣∣∣
2
, (18)
where
MLc L(εˆ) ≡
∫
dr Φ¯L(r) εˆ · r φ cLc (r),
is a transition matrix which describes the exciting amplitude
of photoelectron from the core orbital by the irradiated X-
ray with the polarization εˆ.
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2.3. Polarization average of photoelectron cross section
The polarization average of MFPADs is obtained by
the angular integration of the polarization
〈I(k)〉ε ≡
1
4π
∫
dεˆ I(k, εˆ)
= 2πα~ω
∑
mcLL
′
B i∗L (k) B
i
L′(k)
∫
dεˆ MLc L(εˆ) M
∗
LcL
′ (εˆ).
Since the electric dipole operator is expanded as εˆ · r =
(4π/3)r
∑
m Y1m(εˆ)Y1m(rˆ) [39], the integration is reduced
to the sum of Cartesian components,∫
dεˆ MLcL(εˆ) M
∗
LcL
′ (εˆ)
=
4π
3
[
MLc L(xˆ)M
∗
Lc L′ (xˆ) + MLcL(yˆ)M
∗
LcL′ (yˆ) + MLc L(zˆ)M
∗
Lc L′ (zˆ)
]
.
Thus we obtain the following expression for the PA-
MFPADs
〈I(k)〉ε =
1
3
8π2α~ω
[∣∣∣B i∗11(k) MLc11∣∣∣2 + ∣∣∣B i∗11(k) MLc1−1∣∣∣2
+
∣∣∣B i∗10(k) MLc10∣∣∣2
]
=
1
3
[
I(k, xˆ) + I(k, yˆ) + I(k, zˆ)
]
.
We see that averaged intensity of MFPADs over the
polarization vector along x, y and z-axes is reduced to the
intensity of PA-MFPADs.
The intensity of PA-MFPADs denoted as 〈I(k)〉ε is
given as
〈I(k)〉ε =
8π2α~ω
3
∑
n,mc
∣∣∣∣∣∣∣
√
4π
3
∑
LL′
B i∗L (k)
×C(Lc, 1n; L′)
∫
dr r3 RL′L(r; k)R cLc(r)
∣∣∣∣∣∣∣
2
.(19)
Figure 2. Cell images of CO used for multiple-scattering calculations, (a)
for Muffin-tin approximation with two spherical non overlapping atomic
spheres and (b) for Full-potential method with two Voronoi atomic cells
and 22 truncated spherical cells which has only electron charge density
without nucleus inside, so-called empty cell. The positions of cells are
arranged in BCC structure.
3. Computational Details
3.1. Quantum Chemistry Calculation of Electronic
Structure
In this study, we assume the two-color XFEL pump-
probe experiment. The pump pulse removes an electron
from the 2σ (C(1s)) orbital of CO and results in the
subsequent Auger ionization to, e.g., the singlet 5σ−2
states [40, 41, 42]. The probe pulse further eliminates
an electron from the 1σ−1 (O(1s)) orbital. This pump-
probe process finally produces the doublet 1σ−15σ−2
state. All electronic structure calculations in CO were
carried out with the MOLCAS 8.2 quantum chemical
package [43]. The electrostatic potential of the doublet
1σ−1σ−2 state of CO3+∗ as a function of C-O bond length
for the multiple-scattering calculation were constructed at
the multireference second-order perturbation theory with
restricted active space (RASPT2) level of theory [44,
45]. The ionization potential electron affinity (IPEA)
shift of 0.25 a.u. were introduced to reduce the intruder
problem [46]. The reference wavefunctions for the
RASPT2 calculations were computed at the state-averaged
Restricted Active Space self-consistent field (SA-RASSCF)
level of theory [47]. The 10-low-lying doublet states were
considered without symmetry, and their average energy was
minimized with the equal weight. For all RASPT2 and
SA-RASSCF calculations, we included 10 spatial orbitals
constructed mainly from 1s, 2s, 2p orbitals of carbon and
oxygen atoms, that is 1σ, 2σ, 3σ, 4σ, 2 1π, 5σ (HOMO),
2 2π (LUMO) and 6σ as active space, where the maximum
occupation of the 1σ orbital is restricted to one to describe
the core-hole in this orbital. The 11 electrons in the active
orbitals are treated as active electrons. The ANO-RCC-
VQZP basis set [48] was consistently used. Relativistic
effects were taken into account through the second order
Douglas-Kroll-Hess [49] and mean-field spin-orbit [50]
Hamiltonians.
3.2. Multiple-Scattering Calculation for Full-potential and
Muffin-tin cases
The scattering matrix τ and transition matrices T are
calculated with FPMS code [21, 22] within the framework
of multiple-scattering approach. Photoelectron diffraction
calculations were performed using these matrices with
MsSpec code [51]. For Full-potential calculations, we need
to put empty cells which do not have a nucleus inside but
electron charge density in order to take the charge densities
outside of the atomic cells. Thus we used 22 empty cells
to surround carbon and oxygen cells within BCC structure
as shown in Fig. 2. The multiple scattering calculation is
converged at lmax = 6 and 8 for Muffin-tin approximation
and Full-potential method, respectively. The same lmax is
used for the expansion of the wavefunction ψ+
j
(r; k) in local
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Figure 3. Major electronic configurations of (a) ground state and most possible excited states after oxygen 1s excitation (b) 1σ−15σ−2 , (c)
1σ−14σ−15σ−1 and (d) 1σ−15σ−11π−1, respectively. The excited states (b), (c) and (d) are dicationic states with a core hole after relaxation. Blue
and yellow dots in energy levels represent electrons and holes, respectively. The shapes of molecular orbitals are illustrated. Active spaces (RAS2 and
RAS3 space) for RASSCF calculations are assigned in red boxes.
Figure 4. Electron charge density plots of CO in the molecular axis plane for (a) ground state and the excited states (b) 1σ−15σ−2, (c) 1σ−14σ−15σ−1
and (d) 1σ−15σ−11π−1 defined in Fig. 3. The electronic structures are calculated with ANO-RCC-VQZP basis set, where the oxygen atom is set at
the origin and the C-O bond length is fixed to 1.1283 Å for all the calculations. Oxygen 1s hole in RAS3 space is kept during the calculations for the
excited states. The plots (e)-(g) are electron charge density difference plots between (a) ground state and the corresponding excited state among (b)-(d),
respectively.
solution and the expansion of this local solution in spherical
harmonics. The kinetic energy of photoelectron is estimated
from V0 as k =
√
E − V0 as Kazama et al. [52], where V0 is
the surface average of the potential of the cluster.
To take into account the electron correlation between
a ejecting core electron and the rest N − 1 electrons,
Hedin-Lundqvist potential [53, 54] which is based on
GW approximation with non-SCF Green’s function G
and screened potential W and single plasmon pole
approximation was employed as the scattering optical
potential for the multiple-scattering calculation. It is
known that its imaginary part has rather strong damping
effect [22, 21], especially for light elements as carbon
and oxygen, hence we used only the real part in this
work. Since CO molecules do not have any particular
direction perpendicular to the molecular axis, the intensity
of photoelectron is averaged for the azimuth angle around
the axis.
The electron charge density for the multiple-scattering
calculations are prepared in two ways. One is referred
as ”non-SCF” (non-self-consistent), where the molecular
potential and the electron charge density are just con-
structed by superposition of free atom’s ones. The free
atom calculations were done with a code [55] by De-
sclaux which employs a multi-configuration relativistic
Dirac-Fock theory, and calculated excited states with a core
hole are fully relaxed. The other one, which is referred
as ”SCF” in this paper, employs the electron charge den-
sity from MOLCAS 8.2 with the help of Hermite Gaus-
sian functions [56] and the static part of the scattering
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Figure 5. Influence of basis function on PA-MFPADs at 100 eV of kinetic
energy of photoelectron with 1.1283 Å of C-O bond length (equilibrium
bond length in ground state). The calculations are performed by using
Full-potential method using 6-31G∗ and ANO-RCC-VQZP basis sets. (a)
1σ−1 5σ−2, (b) 1σ−1 4σ−1 5σ−1 and (c) 1σ−1 5σ−1 1π−1 state respectively.
(d) Influence of type of electronic structure on PA-MFPADs with the
same conditions as before examined for 1σ−1 5σ−2, 1σ−1 4σ−1 5σ−1 and
1σ−1 5σ−1 1π−1 state with ANO-RCC-VQZP basis set.
potential which is Coulomb potential is calculated un-
der McMurchie-Davidson scheme [56] with Boys func-
tion [57]. The details can be found in Ref. [58].
For Muffin-tin calculation, in both cases the electron
charge density and potential mentioned above are spheri-
cally averaged. Regarding the Muffin-tin spheres, we used
C and O atomic spheres, they are kissing each other and not
overlapped. The radii were estimated for each bond length
by Norman scheme [59] which is roughly proportional to
the ionic radius of the atom in the periodic table. There
is an empirical prescription to improve the results by using
overlapping spheres, 10∼15%, to take into account cova-
lent electrons as in Refs. [60, 59]. This approximation is
called Atomic-Sphere Approximation (ASA) in LMTO and
KKR [61], however it is not our scope in this paper to seek
the best optimised overlapping empirically, so that we used
the touching spheres. For V0, we used the one from Full-
potential calculations.
4. Results
4.1. Dependence on electronic structures
We consider three states, 1σ−15σ−2, 1σ−14σ−15σ−1
and 1σ−15σ−11π−1, as shown in Fig. 3. These states are
the dicationic states populated via the C KVV Auger decay
[42] with a core hole in oxygen 1s orbital created by the
second pulse.
In Fig. 4 the electron charge density for the ground
state and excited states are shown in upper row and the
electron charge density difference plots for each excited
state from the ground state are shown in lower row.
Regarding (b) 1σ−14σ−15σ−1 there, it has C2 symmetry
around the molecular axis, so that we choose the xz-plane
to lay the orbital in order to see its anisotropy. All the
other electronic configurations have C∞ symmetry around
the axis. These comparisons show the change of charge
distributions varying with electronic configuration.
Next, we studied the influence of electronic structure
on PA-MFPADs. Fig. 5 shows the results of PA-MFPADs
simulations performed for the three electron configurations
using 6-31G* (small, double-zeta + valence polarization)
and ANO-RCC-VQZP (large, quadratic-zeta + valence
polarization) basis sets. The results clearly represent that
PA-MFPADs is not very sensitive to electronic structure
in this high energy regime. Therefore, in the following
subsections, we study with 1σ−1 5σ−2 configuration as a
representative electronic configuration using ANO-RCC-
VQZP.
4.2. Dependence on Bond Length
The PA-MFPADs calculated with changing C-O bond
length are shown in Fig. 6. The forward-intensity
〈I(k, θ = 0◦)〉ε is at the large lobe directed to the carbon
atom along the bond. This is the biggest lobe due to
the focusing effect of photoelectron by the carbon atom.
The backward-intensity 〈I(k, θ = 180◦)〉ε is in the opposite
direction, and the intensity oscillates as a function of R
between the peak top and the valley of lobe. One period
of the oscillation corresponds to the increase in R by ∆R =
π/k within the framework of a single-scattering with the
Plane Wave approximation for Green’s function in Eq. 7
as the EXAFS formula [62]. There are several small
lobes between the forward and backward directions, which
move from the backward to forward with the increase in
R. The number of lobes increases by one for one period of
oscillation of the backward-intensity peak. Labelling angles
θ1 and θ2 for two neighboring lobes (θ1 < θ2), we roughly
have R = 2π/k(cos θ1−cos θ2). Thus PA-MFPADs certainly
contain the information about the bond length. We will
further discuss this relation in detail in the next paper [63].
4.3. Dependence on shape of potential
In order to evaluate the effect of Muffin-tin approxima-
tion on PA-MFPADs, we compare oxygen 1s PA-MFPADs
of CO2+ calculated by using Muffin-tin approximation with
Full-potential method in Fig. 7. The major C (1s) KVV
Auger decay channels in low-energy region estimated by
Cederbaum et al. [42] are used as its electronic structure.
Nevertheless the kinetic energy of photoelectron is chosen
to be 100 eV on the basis of widely supported idea that
photoelectron spectroscopy is less sensitive to the details
of electronic structure and electron charge density in suf-
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Figure 6. Oxygen 1s PA-MFPADs of CO2+ as a function of C-O bond length R from 1.1283 Å (equilibrium bond length in ground state) to 2.1283 Å.
All the calculations were performed by means of the Full-potential method for the exited state 1σ−1 5σ−2 (i.e. O 1s−1 HOMO−2) with 100 eV of kinetic
energy of photoelectron.
Figure 7. Oxygen 1s PA-MFPADs of CO2+ in the excited state 1σ−15σ−2
(i.e. O 1s−1 HOMO−2) with 100 eV of kinetic energy of photoelectron.
The oxygen atom is located at the origin and the azimuthal angle is defined
from the direction of the carbon atom. (a) Oxygen 1s PA-MFPADs within
Muffin-tin approximation is shown in upper plane and the one within Full-
potential method is shown in lower plane. (b) Comparison of PA-MFPADs
between Muffin-tin approximation (blue line) and Full-potential method
(red line).
ficiently high energy regime (& 100 eV) [22].§ We see
that the PA-MFPADs patterns are clearly distinct from each
other. The biggest contribution to the forward-intensity
is the forward-scattering by the carbon atom because of
§ The calculated vertical O(1s−1) ionization energy from the lowest
singlet state of CO2+ were calculated to be 564-569 eV at the
RASPT2/ANO-RCC-VQZP level of theory depending C-O bond length
R (chemical shifts). This means that we have only 5 % and 2-3 % errors
on the photoelectron energy and momentum, respectively.
the focusing effect. This forward-scattering is done by
weak potential. Since such weak potential is much left
outside of the Muffin-tin spheres in the case of short dis-
tance, the forward-intensity is underestimated in the case of
Muffin-tin approximation. In Fig. 8, we show a series of
comparisons between Muffin-tin approximation and Full-
potential method formultiple scattering calculations of oxy-
gen 1s PA-MFPADs of CO2+ as a function of the C-O bond
length R from 1.1283 Å (equilibrium bond length in ground
state) to 2.1283 Å. All the calculations were performed for
the exited state 1σ−1 5σ−2 (i.e. O 1s−1 HOMO−2) with
100 eV of kinetic energy of photoelectron. As noted in
Fig. 7, forward-intensity peak is significantly underesti-
mated by Muffin-tin approximation at near equilibrium dis-
tance. Besides, the peak positions between the forward-
and backward-intensity peaks start to differ between the re-
sults in the Muffin-tin approximation and the Full-potential
method, with the increase in R.
As we notice in Fig. 9, the frequency of the oscillation
for backward-intensity is almost 2kR for both cases. Indeed
it corresponds to the EXAFS oscillation frequency. In this
high energy regime, i.e. in EXAFS regime, single scattering
towards backward direction is a main contribution of
the backward-intensity, so that we expect that we may
observe this EXAFS oscillation in the backward-intensity
with the same mechanism as EXAFS. The back-scattering
is mainly caused by the strong potential very near the
center of the carbon atom in the case of oxygen 1s PA-
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Figure 8. Oxygen 1s PA-MFPADs of CO2+ as a function of the C-O bond length R from 1.1283 Å (equilibrium bond length in ground state) to 2.1283
Å with 100 eV of kinetic energy of photoelectron. All the calculations were performed for the exited state 1σ−15σ−2 (i.e. O 1s−1 HOMO−2). Blue and
red lines indicate the results of multiple scattering calculation using Muffin-tin approximation and Full-potential method, respectively.
Figure 9. Backward-intensities of oxygen 1s PA-MFPADs of CO2+
as a function of C-O bond length R from 1.1283 Å (equilibrium bond
length in ground state) to 2.1283 Å for 1σ−15σ−2 state. Dark blue and
orange lines indicate multiple scattering calculation results within Muffin-
tin approximation and Full-potential method, respectively.
MFPADs of CO2+. It sounds strange to make such
difference in two calculations, since the electron charge
density there are almost spherically symmetric. In fact,
there is a contribution of forward-scattering by the oxygen
atom to make the difference. The forward-scattering is
subsequently occurred as the second scattering on the way
going from the carbon atom to the detector. This influence,
especially the phase of the forward scattering amplitude,
ψ(k, θ = 0◦), appears in the EXAFS oscillation as cos(2kR+
ψ(k, θ = 0◦) + ψ(k, θ = 180◦)). Since the forward-
scattering is much influenced by a weak potential, it reflects
more details of electron charge density and is therefore
sensitive to the treatment of the potential. Thus the error
of Muffin-tin approximation appears to make the difference
of peak/valley positions for two calculations in Fig. 9.
5. Conclusions
We theoretically studied on PA-MFPADs emitted
from 1s orbital of oxygen atom of dissociating dicationic
carbon monoxide CO2+. Within the framework of multiple
scattering We investigated the influence of Muffin-tin
approximation and the role of potential in different excited
states, where electron charge density was calculated by
RASPT2 method in order to take into account the influence
of core hole in the final state. The Full-potential theory
takes into account the electron charge density outside the
physical atomic cells by using Voronoi polyhedron and
truncated spheres. While theMuffin-tin approximation does
not make any difference from Full-potential calculation
above 100 eV in XANES for several materials from our
previous studies [22], we observed significant difference in
PA-MFPADs. This may be explained by the general optical
theorem that the integrated photoemission over whole angle
equals to X-ray absorption for real potential [22, 64].
According to this theorem, even there is a difference in
angular distribution between Muffin-tin approximation and
Full-potential method, this difference could be smeared
out by the angular integration in XANES. Moreover,
even in the case of long bond length, where the atomic
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approximation works, we found a significant difference in
PA-MFPADs between Muffin-tin approximation and Full-
potential method. Thus, even in high energy region, we
need to use Full-potential multiple scattering theory for
study of structure dynamics using FELs and Synchrotron.
We further studied PA-MFPADs with different excited
states of Auger final state , then we realized that the type
of excited states does not affect PA-MFPADs much, though
the difference in the electronic structure was not negligible.
The relationship between PA-MFPADs patterns and C-O
bond length will be discussed in detail based on multiple
scattering theory in the next coming article [63].
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